Corresponding editor: Marja Koski Dormancy represents the main strategy in copepod ecology, together with migration, for maintaining a viable population during adverse environmental conditions. Different types of dormancy have been described in the literature: diapause, quiescence and delayed-hatching eggs. Paracartia grani is known to produce resting eggs; however, the type of resting eggs has not yet been determined. The aims of this study were to determine the type of P. grani resting eggs produced in the Thau lagoon, southern France, and the triggers (temperature and/or photoperiod regimes) of the exit from dormancy. Three types of eggs were identified based on morphological criteria and hatching success. An experimental approach using resting eggs exposed to different temperature and photoperiod conditions indicates the production of diapause eggs by P. grani. There is a statistically significant positive effect of temperature on the hatching success of diapause eggs and a combined influence of temperature and photoperiod acted as synergic effects as higher hatching rates occurred under light conditions.
column as resting eggs in the sediment (Dahms, 1995; Marcus, 1996) . Among resting eggs, diapause, quiescence and, more recently, delayed-hatching eggs have been described (Chen and Marcus, 1997) . To our knowledge, resting eggs have been recorded for 50 species of marine and estuarine calanoid copepods (Engel, 2005; Camus and Zeng, 2009 ).
Diapause was first described in insects as an inactive state of development with reduced metabolic activity (Andrewartha, 1952) . Even if the mechanisms of diapause are still unclear for copepods, several authors claim that this process is a developmentally programmed form of dormancy under genetic control (Dahms, 1995; Hand and Podrabsky, 2000) which includes a refractory phase (Chen and Marcus, 1997) . During this refractory period, hatching does not occur even when environmental conditions become favorable (Grice and Marcus, 1981) . Typically, diapause precedes the onset of predictable harsh environmental conditions (e.g. the winter season, dry season) and exit from diapause occurs under genetic control or a combination of specific stimuli, such as temperature or photoperiod (Hand and Podrabsky, 2000) . In contrast, quiescent eggs are subitaneous eggs which directly react to unpredictable adverse conditions (e.g. desiccation, anoxia, low temperature) (Grice and Marcus, 1981; Chen and Marcus, 1997; Hand and Podrabsky, 2000) . They can reactivate their development as soon as the environment allows (Grice and Marcus, 1981) . The third category, delayed-hatching eggs, has been described more recently for Labidocera scotti and Pontella meadi and might be considered as an adaptive response to subtropical conditions where seasons are less marked (Chen and Marcus, 1997) . However, delayedhatching eggs are also produced by Acartia sinjinsis, when high densities of copepods are observed (Camus and Zeng, 2009) , and by Acartia tonsa (Drillet et al., 2008) .
A total of 18 Acartiidae species have been reported to produce resting eggs (Engel, 2005; Camus and Zeng, 2009) . Acartiidae eggs show different morphologies. Resting eggs with spines were described for A. josephinae (Belmonte and Puce, 1994) , A. bifilosa (Castro-Longoria and Williams, 1999) , A. tonsa (Castro-Longoria, 2001 ), Paracartia latisetosa (Belmonte, 1992; Belmonte and Pati, 2007) and Paracartia grani (Guerrero and Rodríguez, 1998) . Among the Acartiidae, the type of resting eggs (diapause/quiescent eggs) is not well defined and most of the time the general term of resting eggs is retained. However, some studies have identified quiescent eggs in A. tonsa (Zillioux and Gonzalez, 1972; Holmstrup et al., 2006; Hojgaard et al., 2008) or A. bifilosa (Viitasalo, 1992) . Several studies have also described Acartiidae diapause eggs (Belmonte, 1992; Belmonte and Puce, 1994; Castro-Longoria and Williams, 1999; Belmonte and Pati, 2007) which were morphologically different (with spines in most of them) and which hatched under constant conditions after a long period of latency from 54 to 202 days (e.g. P. latisetosa; Belmonte and Pati, 2007) .
Very few studies have been conducted on the triggers that induce the production of resting eggs in Acartiidae (Drillet et al., 2011) . However, the factors inducing the exit from dormancy are better documented, especially studies aiming at understanding the Acartiidae life cycle (Uye and Fleminger, 1976; Uye et al., 1979; Holmstrup et al., 2006) . Indeed, Acartiidae represent an important family in copepod communities in coastal and brackish waters (Alcaraz, 1983; Lakkis, 1994) . Their resting eggs found in sediments can be considered as an "egg bank" which could play an important role in recruitment (Viitasalo, 1992; Katajisto et al., 1998; Castro-Longoria and Williams, 1999; Glippa et al., 2011) .
In Thau lagoon, a semi-confined ecosystem connected with the Mediterranean Sea, P. grani occurs in the water column from April to January, while A. clausi and A. discaudata are perennial (Boyer et al., 2012a,b) . Monitoring at a coastal station indicates that P. grani is not advected from coastal waters (Boyer, 2012) . Therefore, it is probable that P. grani produces resting eggs as a life cycle strategy to maintain its population in Thau lagoon. Furthermore, egg production and hatching success experiments run in the laboratory at in situ conditions in 2010, highlighted the production of two morphological types of egg from October to December coupled with a low hatching success in winter (Boyer et al., 2012b) . Paracartia grani resting egg production in Thau lagoon is also supported by the work of Guerrero and Rodríguez (Guerrero and Rodríguez, 1998 ) who first described P. grani resting eggs in the Alboran Sea. However, their observations were performed on sediment samples and the authors did not conclude on the resting egg type (diapause or quiescent), although both morphologies were described by microscopy.
The aim of this study was therefore to determine which environmental parameters (temperature and/or the presence of a photoperiod) and thresholds trigger P. grani resting egg hatching in a varying ecosystem such as a coastal lagoon. A laboratory approach was used to artificially mimic short and long refractory periods with the aim of determining the type of egg produced (quiescent or diapause).
M E T H O D Sampling
A WP2 net with a 200 mm mesh size was used to collect zooplankton by horizontal hauls close to the Sète channel in the Thau lagoon (43825 N; 03840 E) (south of France) in October 2011 in the surface water (maximum 1 m depth). The cod-end content was placed in insulated containers and brought back to the laboratory within 1 h after collection. One hundred ovigerous P. grani females were picked out and incubated at in situ temperature (188C) for 48 h in a 1 L beaker filled with 0.45 mm filtered lagoon water (FLW). The fertility of the females was checked with a binocular microscope ( presence of 2 genital pores on the genital somite). Each beaker contained a Plexiglass insert with a 200 mm mesh false bottom to separate eggs from females and to avoid cannibalism. After 48 h incubation, the females were removed and the eggs collected.
Preliminary experiment on egg identification
Three types of eggs were described by inverted microscopy: smooth eggs, eggs with short spines and eggs with long spines (Fig. 1) . Similar morphologies had previously been observed for Paracartia latisetosa with smooth and short-spined eggs defined as subitaneous eggs and longspined eggs as resting eggs (Belmonte, 1992; Belmonte and Pati, 2007) . In our study, smooth eggs and shortspined eggs were also considered subitaneous as broken chorions were observed, indicating that the eggs had hatched (Fig. 1A) . The long-spined eggs were considered as resting eggs (Fig. 1C) . Nevertheless, to confirm the egg type, several subitaneous eggs (n ¼ 50) were randomly chosen and placed individually in 2 mL multi-well plates with 0.45 mm FLW. Similarly, all resting eggs (n ¼ 634) were picked out and pooled in groups of 20 in 5 mL multi-well plates. Eggs were incubated at field temperature (188C) with a 12D (dark): 12 L (light) cycle for a week, after which the percentage of hatching success was determined. Overall 96% of the "subitaneous eggs" hatched, while only 2% of the "resting eggs" hatched (result not shown). We therefore concluded that egg morphology allows us to distinguish subitaneous eggs and resting eggs and based our following experimental set up on this morphological criterion.
Experiments
The pool of resting eggs that did not hatch at 188C after a week of incubation in the preliminary experiment were exposed to a progressive decrease of temperature for 2 weeks (68C per week) until temperature reached 68C, the lowest winter temperature encountered at the study site (Fig. 2) . FLW was renewed weekly and egg mortality was checked principally based on their color. Dead eggs were removed but not counted.
Experiment 1
A total of 288 resting eggs were kept at 68C, in the dark for 4 weeks with the aim of simulating winter conditions during a very short time period (Fig. 3A) . After this artificial winter period, eggs were split into three groups (Ga.1, Gb.1 and Gc.1), exposed for three additional weeks (weeks 7, 8, 9) to different photoperiod regimes and temperature conditions (Fig. 3A) . The choice of temperature targeted three periods of the year: 108C: average temperature encountered in late winter when P. grani is not recorded in the water column; 158C: average temperature encountered just before the appearance of P. grani copepodids in Thau lagoon; 208C: average temperature encountered in June when P. grani is recorded in the lagoon (Boyer et al., 2012b) . Each group contained a total of 96 eggs: 48 eggs exposed to a 12D:12L cycle and 48 eggs kept in darkness. Hatching success and egg mortality were determined each week. While dead eggs were considered in the hatching success calculation, the few eggs lost from 1 week to the next ( probably degraded or lost during manipulation) were not taken into account -Group a.1 (Ga.1): eggs were kept at 108C during weeks 7, 8 and 9. -Group b.1 (Gb.1): eggs were kept at 108C during week 7, then at 15 8C during weeks 8 and 9. -Group c.1 (Gc.1): eggs were kept at 10, 15 and 208C during weeks 7, 8 and 9, respectively.
At the end of week 9, all the eggs that did not hatch were placed at 208C during two additional weeks to control their viability. Final hatching success was determined at the end of week 11.
Experiment 2
A total of 219 eggs were stored in darkness at 68C for 9 weeks with the aim of mimicking a longer winter period than in Experiment 1 (Fig. 4A) . At the end of week 11, they were split into three groups (Ga.2, Gb.2 and Gc.2) and exposed to the same temperature conditions and photoperiod regimes as in Experiment 1. Hatching success and egg mortality were determined each week as in Experiment 1. At the end of the experiment, all the remaining eggs were placed at 208C. In week 15, all Gc.2 eggs were exposed to a 12D:12L photoperiod, while Ga.2 and Gb.2 eggs were still exposed to two photoperiod regimes (darkness versus 12D: 12L). Finally, groups Ga.2 and Gb.2 were then exposed to a single 12D: 12L photoperiod during weeks 16 and 17.
Statistical analyses
To test the potential influence of temperature on the hatching of resting eggs, a generalized linear mixed model (GLMM) with binomial errors was applied to the results of Experiment 2 for weeks 12, 13 and 14. The "Laplace" approximation of likelihood for the (Fig 2A and B) . No data means that no hatching was observed.
binomial GLMM was used. To do so, we used the "lmer" function (lme4 package, Bates et al., 2011) implemented in R (R Core Development Team, 2009) . The model was performed using each egg as an independent observation. The hatching success of each egg was coded as one if hatched and zero if not hatched. The age of eggs was taken into account with time defined as a random factor. Temperature was defined as a fixed factor. The photoperiod was not included in the model because preliminary analyses showed that hatching did not occur in darkness regardless of temperature.
R E S U LT S
The ornamentation on the chorion of P. grani eggs allowed us to distinguish between subitaneous and resting eggs. Resting eggs were exposed to different temperature and photoperiod conditions during two different refractory periods with the aim of determining the triggers of hatching and the type of eggs produced (quiescent or diapause).
Influence of the refractory period
The comparison of part B of both experiments showed the need for a refractory period to allow resting eggs to hatch. Indeed, at the end of part B, total hatching success (total number of eggs hatched regardless of treatment) was higher in Experiment 2 (7.8%) than in Experiment 1 (0.7%) (Figs 3B and 4B).
Influence of photoperiod regimes
Photoperiod regime was an important trigger as mainly eggs exposed to a 12D:12L cycle hatched in the experiments ( Figs 3C and 4B) . Progressive or abrupt changes in light conditions were important factors inducing hatching because hatching of eggs kept in darkness since the start of experiment was mainly observed when they were exposed to a 12D: 12L photoperiod (Fig. 4C) .
Influence of temperature
Cumulative hatching success was higher for group Gc.2 (19.6%) exposed to 10, 15 and 208C than for Gb.2 (10.4%) exposed to 10 and 158C or Ga.2 (4.2%) exposed to 108C during the 3 weeks (Fig. 4B ). An increase of 58C fostered more rapid hatching. Indeed, in week 13 of Experiment 2, cumulative hatching success observed was nil in Ga.2 (T constant ¼ 108C) while 6.2 and 15.7% of the eggs had hatched for Gb.2 and Gc.2 (T ¼ 158C), respectively (Fig. 4B) . Therefore, for Ga.2, with a constant temperature during the first part of the experiment (T ¼ 108C), the first hatching (4.2%) was observed only in week 14. This trend was supported by statistical analyses. A GLMM was applied only on part B of Experiment 2. It allowed statistical determination that the temperature of incubation has a positive effect (estimate: 0.15, standard error: 0.07, P-value , 0.05) on hatching regardless of the incubation time. The comparison of cumulative hatching success results between Gb.2 and Gc.2 suggested that the optimal temperature of diapause termination occurred for temperatures in between 10 and 158C in our study (Fig. 4B) . Cumulative hatching success observed at the end of Experiment 1 showed that eggs kept in a longer cold period (T ¼ 108C) had a higher hatching success at 208C. This result suggests that a longer refractory phase of chilling and/or a sudden increase in temperature could be responsible for higher hatching success. Indeed, with similar photoperiod regimes, for DT ¼ 108C in Ga.1, 18.7% of eggs hatched, whereas only 7.1 and 6.8% hatched for DT ¼ 58C (Gb.1) and DT ¼ 08C (Gc.1), respectively (Fig. 3C) . Therefore, in part C of Experiment 2, for temperatures lower or equal to 158C (Ga.2 and Gb.2), an increase of 5 to 108C during week 15 had an important impact on cumulative hatching success for eggs exposed to a 12D:12L photoperiod. Indeed, Ga.2 and Gb.2 showed similar results (from 21.3 to 27.1%) to eggs exposed to a gradual increase of temperature (Gc.2: 23.5%) (Fig. 4C ). This result suggests that a rapid temperature increase can induce exit from diapause if the temperature threshold is reached (in between 10 and 158C). At the end of Experiment 2, final cumulative hatching success for each group and for eggs exposed to a 12D:12L photoperiod showed similar values (40.4, 43.7 and 39.2% for Ga.2, Gb.2 and Gc.2, respectively) (Fig. 4C) .
Combination of temperature and photoperiod regimes
In both experiments, cumulative hatching success was higher at 208C and for eggs exposed to a 12D:12L photoperiod ( Figs 3C and 4C) . Indeed, cumulative hatching success observed for eggs incubated in darkness and exposed to an increase in temperature had a low hatching success: 2.2% for Ga.1 and Gb.1 in Experiment 1 and 4.5 and 0% for Ga.2 and Gb.2, respectively, in Experiment 2 ( Figs 3C and 4C, week 15) . Eggs incubated in darkness since the beginning of the experiment showed an increase in hatching success when exposed to a photoperiod regime 12D:12L (Fig. 4C, weeks 16 and 17) . Therefore, egg hatching must be stimulated by a combined action between temperature and light.
Egg mortality and loss rates during the experiments
During both experiments, total mortality rates were low: 2.4 and 1.4% for Experiments 1 and 2, respectively. Maximum mortality and loss rates (6.2%) were observed for eggs exposed to 12D:12L photoperiod in Gb.1, in Experiment 1 (Fig. 5A ). For other groups and regardless of the experiment, the mortality and loss rate were always lower than 4.1% (Fig. 5) .
D I S C U S S I O N
Within the Acartiidae, many species are known to produce resting eggs as life strategies (Engel, 2005; Camus and Zeng, 2009) . Three types of resting eggs have been described: diapause eggs (e.g. Belmonte, 1992; Castro-Longoria and Williams, 1999; Belmonte and Pati, 2007) but also quiescent eggs (e. g. Zillioux and Gonzalez, 1972; Holmstrup et al., 2006) and delayed hatching eggs (Drillet et al., 2008; Camus and Zeng, 2009) . Unlike the study by Guerrero and Rodríguez (Guerrero and Rodríguez, 1998) , our study has established the type of eggs produced by P. grani using an experimental approach. Three morphological types of eggs were observed; two were subitaneous (smooth and short-spined eggs) and one with long spines was considered as a diapause egg. Drillet et al. (Drillet et al., 2011) suggested that many studies may have underestimated hatching success as eggs that did not hatch in 1 week were considered as non-viable and therefore fixed with Lugol and formalin at that time without really observing the fate of potential resting eggs. It is not the case in this study, as preliminary experiments, with diapause eggs from egg production experiments incubated at in situ temperature, have shown that no hatching occurred even after 2 months of incubation (Boyer, 2012) . On the other hand, simultaneously, a high hatching success was recorded for subitaneous eggs under the same temperature conditions (Boyer et al., 2012b) . Unfortunately, in Drillet et al.'s study (Drillet et al., 2008) , morphological differences in A. tonsa subitaneous and delayed-hatching eggs were not specified, whereas in our case, differences in chorion structure were observed between P. grani subitaneous and diapause eggs. However, identifying resting eggs according to their external morphology is not a universal criteria, as both Acartia spp. and Centropages hamatus populations from Limfjord (northern part of Denmark) show several ornamentations (smooth, short spines and long spines) even though all were determined to be subitaneous eggs (Hansen et al., 2010) .
Several factors such as population density (Ban and Minoda, 1994) , food limitation (Drillet et al., 2011) and temperature or photoperiod decrease (Marcus, 1982) are known to trigger the production of diapause eggs. Indeed, when environmental conditions become unfavorable for a species, dormancy is a way to survive until environmental conditions become favorable again. For instance, it has been observed that the production of Centropages hamatus diapause eggs in the Gulf of Mexico is a survival strategy during summer (Marcus and Lutz, 1998) .
In Thau lagoon, P. grani is absent from the water column from February to April (Boyer et al., 2012b) . Temperature has been defined as the main driver explaining P. grani egg production regardless of salinity and chlorophyll a concentration in the lagoon (Boyer et al., 2012b) . However, production of diapause eggs is observed from October onwards as a response to decreases in temperature (Fig. 2) and day length. Such reproductive strategy has already been described for A. bifilosa in Southampton waters (UK) (Castro-Longoria and Williams, 1999) . Indeed, A. bifilosa diapause egg production was observed during a restricted 2-month period before the disappearance from the water column (Castro-Longoria and Williams, 1999) . Similar morphological differences were also observed between subitaneous and diapause eggs as was observed for P. grani in this study.
Diapause eggs are characterized by the requirement of a refractory phase which is not defined for quiescent or delayed hatching eggs. The refractory period consists in an obligatory phase of latency without which no hatching occurs even if environmental conditions become favorable again. In this study, the different results obtained between Experiments 1 and 2 (part B) have shown that with similar temperature and photoperiod conditions P. grani diapause eggs only hatched after a refractory period of more than 1 month (Figs 3 and 4B) .
Indeed, the environmental conditions could re-activate egg development and lead to hatching only after this refractory period (Grice and Marcus, 1981) . However, it also appears that the exit from diapause is controlled by a genetic clock and that no environmental stimuli are necessary (Belmonte and Pati, 2007) . For instance, Paracartia latisetosa diapause eggs hatched synchronously without environmental stimuli as they were incubated in constant conditions (Belmonte and Pati, 2007) .
To our knowledge, our work is the first work on P. grani diapause duration. Our results suggest that P. grani diapause eggs are under temperature control as GLMM results indicated that an increase in temperature allowed diapause eggs to hatch. This result is supported by several authors who determined that temperature is the most important trigger for hatching of resting eggs in the Acartiidae (Uye and Fleminger, 1976; Uye et al., 1979; Sullivan and McManus, 1986) . Furthermore, we have demonstrated that an abrupt increase of 58C temperature, which exposed the eggs to a temperature higher than the threshold of the minimal temperature for diapause termination (.10 and 158C), could induce a better hatching success. This result is supported by in situ observations as similar variations in temperature were observed at the monitoring station in spring, just before the appearance of P. grani juveniles in the water column (Boyer, 2012) . The hatching of P. grani diapause eggs seemed to be inhibited by darkness as hatching occurred mainly with a 12D:12L photoperiod cycle. Furthermore, the influence of photoperiod was clearly indicated in Experiment 2. Indeed, under the same temperature conditions, eggs in continuous darkness and suddenly exposed to a 12D:12L cycle started to hatch. Peck and Holste (Peck and Holste, 2006) showed that the photoperiod duration (used to rear A. tonsa females and incubate eggs) had little effect on total daily egg production but significantly influenced hatching success which was higher for longer photoperiods. Inhibition of hatching success in the dark has already been observed for A. clausi (Landry, 1975; Uye and Fleminger, 1976) but not for A. bifilosa resting eggs (Viitasalo, 1992) . However, for A. bifilosa, no comparison of hatching success in darkness and with a period of light was performed and hatching might be higher under light conditions. Similarly, hatching success of P. grani diapause eggs was low in darkness (,4.5%). The differences in hatching success for all eggs observed at the end of Experiment 2 at similar temperature could be explained by the history of the eggs (different temperatures and photoperiod regimes) but might also be due to random variation.
The effects of salinity and oxygen concentrations were not tested in our study. These parameters were considered constant as FLW was changed weekly to renew oxygen concentration. It might be interesting to run some experiments on diapause egg hatching success at different oxygen and sulfide concentrations as diapause eggs are buried in sediments, which are often anoxic. In fact, depending on the species studied, the viability of the eggs could be reduced by anoxia and sulfide Marcus and Lutz, 1998; Nielsen et al., 2006) and repeated re-suspensions in mud. Experiments on P. grani diapause egg responses to anoxia and sulfide have therefore to be investigated. Hatching success experiments on resting eggs from sediment cores have already been investigated for the Acartiidae. Hatching can occur from eggs located 7 -10 cm below the sediment surface. At this depth, bioturbation, which induces the resuspension of the eggs, can also be a trigger for hatching of resting eggs (Viitasalo, 1992) .
In Thau lagoon, the presence of P. grani resting eggs in sediment cores has been determined by molecular identification (Lindeque et al., 2012) . The production of diapause eggs by P. grani was also observed during egg production experiments (Boyer et al., 2012b) . Thus, it is probable that P. grani has developed an overwintering strategy, producing diapause eggs embedded in Thau lagoon sediment when temperatures are the coldest, as already suggested for this species in the Alboran Sea (Guerrero and Rodríguez, 1998) . To conclude, the appearance of young copepodid stages at the end of April in the water column, when water temperature reached 158C, should probably be assigned to the emergence of nauplii from the sediment representing clear evidence of P. grani life strategy in the lagoon.
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